Eco-friendly belite calcium sulfoaluminate (BCSA) cement hydration behavior is not yet well understood. Here, we report an in-situ synchrotron X-ray powder diffraction study for the first hours of hydration of BCSA cements. Rietveld quantitative phase analysis has been used to establish the degree of reaction (α). The hydration of a mixture of ye'elimite and gypsum revealed that ettringite formation (α~70% at 50 h) is limited by ye'elimite dissolution. Two laboratory-prepared BCSA cements were also studied: non-active-BCSA and active-BCSA cements, with β-and α′ H -belite as main phases, respectively. Ye'elimite, in the non-active-BCSA system, dissolves at higher pace (α~25% at 1 h) than in the active-BCSA one (α~10% at 1 h), with differences in the crystallization of ettringite (α~30% and α~5%, respectively). This behavior has strongly affected subsequent belite and ferrite reactivities, yielding stratlingite and other layered phases in non-active-BCSA. The dissolution and crystallization processes are reported and discussed in detail.
Concrete is the most used artificial material, 6 km 3 /year or more than 2.5 tones per person yearly. This is due to many interesting features including low price, high versatility, remarkable change in mechanical properties during setting and chemical durability. The hydration of cements, to yield concrete, is a very complex process in which some crystalline phases are dissolved in free water. Pore solution becomes saturated in some ions, and after oversaturation, some crystalline and amorphous hydrated phases start to precipitate [1, 2] . These processes are responsible for the development of a given microstructure (type, amount and distribution of the constituent phases, usually with chemical substitutions on the crystalline phases, and porous distribution) which is the fundamental link between chemical processes and final properties/performances. Many factors may affect the equilibrium between hydrous phases, pore solution, gel/amorphous phases and clinker phases, and their kinetics of dissolution and formation. Because of that, it is essential to understand (and at later stage to control) the hydration processes, in particular within the first few hours of hydration, named in the field as early hydration [2] .
However, the complexity and heterogeneity of cementitious materials make difficult the understanding of the process-microstructureproperties relationship. Furthermore, there are only a few rapid, reliable and accurate techniques to quantify the amounts of the different phases present in the hydrated cements (pastes), including amorphous contents and porous (micro) structure [3] [4] [5] [6] . Due to these difficulties, the details of the hydration process of cements are still not completely clarified, even when the cement chemistry is well known in its most important features, as it is the case for ordinary Portland cement (OPC) [2] . These problems are enhanced for novel cementitious materials. Scientific community is searching for new cements with improved performances, such as high strengths and good workability of their corresponding concretes and/or environmentally friendly binders [7] . However, prior to the reliable use of any new binder, the hydration chemistry and durability of the mortars and concretes must be profoundly studied and characterized, as the safety and wealth of people are very much related to building industry.
Belite calcium sulfoaluminate [8] , BCSA or sulfobelite, cements are considered environmentally friendly building materials, as their production may have up to 35% lower CO 2 footprint than OPC fabrication. They are prepared by mixing the clinker with different amounts of a calcium sulfate set regulator such as gypsum, bassanite or anhydrite. Hereafter cement nomenclature will be used: C = CaO, S = SiO 2 , A = Al 2 O 3 , F = Fe 2 O 3 , S = SO 3 , T = TiO 2 and H = H 2 O. BCSA cements are based on belite (C 2 S), ye'elimite (also called Klein's salt or tetracalcium trialuminate sulfate (C 4 A 3 S)) and other minor phases, such as ferrite (C 4 AF) [9] [10] [11] [12] [13] or calcium aluminates (C 12 A 7 ) [14] and calcium sulfate (CSH x ) as set retarder. The hydration of BCSA cements strongly depends on the amount and reactivity of the added calcium sulfate [15] and the presence of minor phases. Most of the hydration heat is released within the first 12-24 h of hydration [11, 16, 17] . The Cement and Concrete Research 56 (2014) [12] [13] [14] [15] [16] [17] [18] [19] water demand needed for a complete hydration process is determined by the amount of calcium sulfate and silicates. The required water/ cement ratio is slightly higher than that for OPC (for complete hydration). The dispersion of agglomerated cement particles in water is a key point to improve the workability of concrete to obtain more homogeneous mixtures and to reduce the amount of mixing water [18] . During early age hydration, i.e. up to 3 days, ettringite or AFt (C 6 AS 3 H 32 ) phase is the main crystalline hydration product formed in BCSA cements from the dissolution of ye'elimite and calcium sulfate(s). This process can be expressed by the following chemical reaction:
In addition, dicalcium silicate is the main anhydrous phase in BCSA. The hydration kinetic of C 2 S is slow when compared to C 3 S, which is the main phase in OPC. Some efforts are being performed to enhance BCSA hydration kinetic, for instance, by adding minor elements (f.i. sodium and boron as borax) during clinkering to obtain high temperature polymorphs of belite, i.e. α-forms [12, 13, 19] . Independently of the kinetic of the reaction, C 2 S may yield stratlingite [16, 19] (C 2 ASH 8 ) or amorphous CSH-gel and portlandite (CH). Moreover, belite would dissolve to form stratlingite only in the case of high available amounts of aluminum hydroxide. These two alternative chemical processes can be expressed as the following reactions:
Minor phases present in the anhydrous cement may provoke the precipitation of other hydration products such as monosulfoaluminate (C 4 ASH 8 + x ) and hydrogarnet phases such as katoite (C 3 AS 3 − x H 2x with 1.5 b x b 3) [1, 11, 13, [19] [20] [21] . The reactivity of ferrite (C 4 AF) during hydration in these cements is slower than that of C 4 A 3 S [22] and it is not well understood.
X-ray powder diffraction (XRPD) is a powerful tool for material characterization in general, and for in-situ studies of chemical processes in particular [4, 5, 23] . During the last years, several authors have described the quantitative phase analysis of cements, clinkers and supplementary cementitious materials by combining XRPD and Rietveld methodology [24] [25] [26] [27] [28] , establishing sources of errors and dependence on the results of Rietveld strategies. More recently, this has been expanded to hydrated cementitious systems [3] [4] [5] 13] and in some of them, the non diffracting fraction, also named as Amorphous and Crystalline notquantified, ACn [29] , was also calculated [30, 31] . Furthermore, the use of an intense X-ray source, such as synchrotron X-rays, coupled with a fast X-ray detector permits time-resolved diffraction experiments allowing in-situ measurements during the hydration process of cements [4, 5, 13, 14, 32, 33] .
In this work we report the in-situ hydration study of two iron-rich sulfobelite cements [28] and a model mixture of ye'elimite and gypsum through synchrotron XRPD (SXRPD) and Rietveld methodology. Kinetics of hydration and factors influencing the hydration reactions have been established and correlated to calorimetric data.
Experimental section

Sample preparation
Commercial micronized natural gypsum, CSH 2 , marketed by BELITH S.P.R.L. (Belgium) was used to prepare cements [18] . Bassanite, CSH 0.5 , and anhydrite, CS, were synthesized by heating gypsum at 90°C for 24 h in a stove and at 700°C for 1 h in a furnace, respectively.
Stoichiometric ye'elimite (C 4 A 3 S), prepared as previously reported [34] , was mixed with gypsum according to the stoichiometry of reaction (1). The resulting mixture is hereafter labeled as G-C 4 A 3 S. Two BCSA clinkers, B0 and B2, were used and their preparation procedures have been already reported [28] . B0 stands for a laboratory-prepared BCSA clinker without any activation and B2 for an activated one by adding borax (2 wt.% as B 2 O 3 ). These clinkers were mixed with 10 wt.% of gypsum (G), bassanite (B) or anhydrite (A) in order to obtain different cements, hereafter G10Bx, B10Bx and A10Bx, respectively; where x can be either 0 or 2. Blaine parameters were 4800 cm 2 /g for G-C 4 A 3 S, close to 4000 cm 2 /g for G10Bx cements and to 3000 cm 2 /g for B10Bx and A10Bx cements. Cement pastes were prepared ex-situ by mixing cement with water at w/c = 0.55 (mass ratio) and G-C 4 A 3 S was mixed using w/c = 0.71. Finally, pastes were immediately introduced into glass capillaries of 0.5 mm of diameter with a syringe. The capillaries were sealed with wax and grease to avoid any water loss.
SXRPD data acquisition and analysis
SXRPD patterns were collected in Debye-Scherrer (transmission) mode using the X-ray powder diffraction station of ALBA, the Spanish Synchrotron Radiation Facility (Barcelona, Spain) [35] . The wavelength, 0.61984(3) Å, was selected with a double-crystal Si (111) monochromator and determined from a Si640d NIST standard (a = 5.43123 Å) measurement. The diffractometer is equipped with a so called MYTHEN detector system especially suited for time-resolved experiments. The capillaries were rotated during data collection to improve diffracting particle statistics. The data acquisition time was~15 min per pattern to attain very good signal-to-noise ratio over the angular range 1-35°( 2θ). The temperature inside the experimental hutch was 26(1)°C. Raw SXRPD patterns were normalized taking into account the loss of X-ray beam flux with time due to the electron beam current decline in the storage ring. Normalized SXRPD patterns were analyzed by using the Rietveld methodology as implemented in the GSAS software package [36] , in order to obtain Rietveld Quantitative Phase Analysis (RQPA). Crystal structure descriptions used for all the phases were those included in references [28, 29] . However, a revised crystallographic description was used for C 4 A 3 S [34] . Final global optimized parameters were: 20 shifted chebyshev background coefficients, zero-shift error, cell parameters and peak shape parameters. Peak shapes were fitted by using the pseudo-Voigt function [37] . The WinPLOTR program suite [38] was used to extract the full width at half maximum (FWHM) of selected individual peaks.
Setting time
Paste setting times were determined using the Vicat test method according to UNE-EN 196-3.
pH measurement
A fraction of the as prepared G10B0 and G10B2 pastes was filtered in a Whatman filter (pore size of 8 μm) after 10 min of hydration. The pH of the filtration waters was measured by using standard digital pH meter.
Calorimetries
The isothermal calorimetric study was performed for all samples in an eight channel Thermal Activity Monitor (TAM) instrument using glass ampoules. Pastes were prepared by mixing~6 g of each sample with the appropriated water (w/c ratio of 0.55 for cements and w/c = 0.71 for ye'elimite-gypsum mixture) and the heat flow was collected up to 168 h at 20°C.
Scanning Electron Microscopy (SEM)
Anhydrous clinker pellets were observed in a JEOL JSM-6490LV scanning electron microscope. The samples were previously polished down to 1 μm using diamond spray and further sputtered with Au or graphite. EDX measurements were carried out (on samples coated with graphite) with the OXFORD INCA Energy 350 attachment. This unit has a Si(Li) detector with a super atmospheric thin window (SATW).
Results and discussions
Hydration of stoichiometric ye'elimite and gypsum
The dissolution of ye'elimite and gypsum starts right after the addition of water. Table A1 , given as supporting information, reports direct RQPA for G-C 4 A 3 S as a function of hydration time up to 58 h. The overall reactivity of this sample should follow Eq. (1), although as mentioned in the Introduction section, cement phase reactivity is governed by dissolution/saturation/crystallization processes. Thus, gypsum and ye'elimite both should start to dissolve, so crystalline AFt and aluminate hydrate phase should precipitate. We have quantified very small amounts of crystalline AH 3 , in the form of gibbsite. Most of the aluminate hydrate is ill-crystallized in agreement with previous observations [17, 19, 39] .
It has to be borne in mind that at the very beginning, i.e. time = 0, the mix is composed by crystalline gypsum, crystalline ye'elimite and free water; only the two former phases can be quantified by RQPA. As hydration process takes place, these two phases dissolve (diminish); and free water also diminishes to be chemically bounded to hydrate phases, i.e. AFt and AH 3 (both crystalline and amorphous). The fact that the whole crystalline fraction of the sample is changing with time represents an inherent difficulty for the interpretation of direct RQPA results. Since G-C 4 A 3 S is a simple system, we have been able to estimate the degree of reaction of each phase by comparing theoretical data with experimental data, the latter included in Table A1 .
The theoretical data were calculated taking into account that the sample was prepared in a stoichiometric ratio according to Eq. (1); thus the composition of the mixture at 0.0 h of hydration is: 38.9 wt.% of ye'elimite, 22.0 wt.% of gypsum and 39.1 wt.% of free water. Taking into account these values, we can calculate the theoretical amount of phases dissolved and formed, assuming that the reaction degree of independent phases is the same. As an example, a reaction degree (α) of 10% for both ye'elimite and gypsum will be now considered. Then according to Eq. (1) , that sample should contain 35.1 wt.% of ye'elimite, 19.8 wt.% of gypsum, 8.0 wt.% of AFt, 2.0 wt.% of AH 3 and 35.1 wt.% of free water. These values are normalized to obtain the crystalline fraction at a reaction degree of α~10%, using only those percentages corresponding to crystalline phases, i.e. ye'elimite, gypsum and AFt (55.7, 31.5 and 12.8 wt.%, respectively). These latter data are now comparable to direct Rietveld results, without taking into account gibbsite. Thus, theoretical data were tabulated for all possible α values. Comparing these theoretical results with data reported in Table A1 , we can conclude that, at 1 h of hydration, ye'elimite and gypsum were dissolved at α~10% and the crystallization of ettringite was slightly lower than 10%. These results (α vs. time) are plotted in Fig. 1a . From this figure, it can be observed that gypsum dissolution rate is (slightly) faster than that of ye'elimite within the first 10 h of reaction. After 10 h, ye'elimite dissolution (and ettringite crystallization) rate increases meanwhile gypsum dissolution rate is comparatively lower.
The crystallization of AFt seems to occur jointly with the dissolution of ye'elimite. Thus, it can be inferred that ye'elimite dissolution is limiting ettringite precipitation. Nevertheless, from 23 to 58 h the sample hydration seems to be stopped as the reaction is not progressing, i.e. no dissolution and no precipitation occur. This phenomenon may be a kind of passivation, due to the precipitation of crystals of AFt surrounding C 4 A 3 S and gypsum particles, in such a way that free water is not available. We can rule out the possibility of a free water loss as the capillaries were well sealed. In addition, Fig. 1b shows direct Rietveld results and calorimetric data. The calorimetric curve shows two broad signals mainly associated to first dissolution and precipitation processes.
Hydration of BCSA cements
G10B0 contains β-C 2 S as main phase, meanwhile α′ H -C 2 S is stabilized in G10B2 due to the addition of borax to the raw mixture. These samples were studied in order to understand the influence of activation in the hydration behavior at very early ages. Tables A2 and A3 give direct RQPA results with hydration for G10B0 and G10B2, respectively. Figs. 2 and 3 give SXRPD raw patterns of G10B0 and G10B2, respectively, at selected times of hydration.
The first important difference in the hydration process is the dissolution kinetic of gypsum and ye'elimite, as previously reported [19] . In G10B0, gypsum is completely dissolved after 5 h of hydration, see Fig. 2 . However, in G10B2, gypsum is dissolved after 11 h, see Fig. 3 . The rate of dissolution of ye'elimite is also different in both samples. Ye'elimite is fully dissolved after 26 h in G10B0 (see Fig. 2 and Table A2 ), but it is still present after 51 h of hydration for G10B2 (see Fig. 3 and Table A3 ). Moreover, the crystallization rate of AFt phase is also different in both cements. At 1 h of hydration G10B0 contains 14.2(2) wt% of AFt while at the same hydration time, only 1.9(1) wt% was quantified for G10B2.
The pH value of the pastes was measured to understand the difference in dissolution rates of ye'elimite and gypsum between both systems, giving a value of~12.4 for G10B0 and~10.3 for G10B2 (after 10 min hydration). It is known that the depletion of dissolved sulfate ions causes the increase of hydroxide concentration, and consequently a higher pH value [16] . The fast sulfate consumption by crystalline ettringite precipitation in G10B0 paste is responsible to the higher measured pH value. Furthermore, both clinkers present slightly different ye'elimite crystal structures; the non-active clinker, B0, was quantified by using a revised orthorhombic crystal structure [34] , while ye'elimite in B2 presents higher symmetry, thus a cubic structure was used [40] . This different crystal structures may also justify the hydrating behaviors, although more research is needed. A SEM study was performed on B0 and B2 clinkers to inspect particle morphologies and sizes. Fig. 4 shows SEM micrographs for both B0 and B2 anhydrous clinkers at different magnifications. Fig. 4a and c shows the angular shaped particles of ye'elimite, as previously described [41] . The identification of these particles was confirmed by EDX analysis, showing average Al/Ca = 1.4 and S/Ca = 0.10 ratios, which are relatively close to the theoretical values, 1.5 and 0.25, respectively. Moreover, this study revealed that ye'elimite average particle size in B0 was slightly smaller than that in B2, arrows in Fig. 4a and c. This observation may also partly justify the faster dissolution of ye'elimite for G10B0. The second most important difference between the hydration behaviors of these two cements takes place after 24 h of hydration. On the one hand, the dissolution of β-C 2 S and C 4 AF in G10B0 starts after one day of hydration, with the consequent crystallization of layered AFm type phases, such as stratlingite (labeled as Stratl in Fig. 2 ). On the other hand, for G10B2, α' H -C 2 S percentage remains constant up to 51 h of hydration and the dissolution of C 4 AF is very slow after 14 h. Fig. 5 shows Rietveld plots for (a) G10B0 at 26 h of hydration and (b) G10B2 at 24 h of hydration, as representative examples. The difference in reactivity of both belite polymorphs is astonishing, i.e. β-C 2 S reacts faster than α' H -C 2 S. This measured behavior is in disagreement with the general accepted idea in the cement field: α-belite is reported to have faster hydration kinetics than β-forms [42, 43] . Furthermore, it was proved that β-form reacts more slowly than α-forms in belite-rich cements [44] . It is worth highlighting that the hydration behavior of the remaining phases, excluding C 2 S, in belite rich cements, was almost identical. Thus, the amount of ions saturating pore solution was very similar in cements with different belite polymorphs. However, under our studied experimental conditions, β-C 2 S reacts faster than α' H -C 2 S, to yield stratlingite, see reaction (2) . This behavior may be justified due to the presence of high amounts of ettringite at early hours of hydration which implies a concomitant large quantity of amorphous aluminum hydroxide. The availability of amorphous AH 3 promotes the precipitation of stratlingite, C 2 ASH 8 , from belite reaction (2) . Thus, in G10B0 the reactivity of β-C 2 S is hastened by this fact. Active belite-rich [45] and active BCSA [19, 46] cements develop higher mechanical strengths (at any hydration age) when compared with non-active materials. Thus, the key issue seems to be the hydration products and not the polymorphism of the dicalcium silicate. According to a related study [46] , BCSA pastes with higher percentages of stratlingite develop lower mechanical strengths. The precipitation of stratlingite requires an oversaturated pore solution in silicon and aluminum hydroxides [16] , thus it is obvious that G10B2 paste will present less stratlingite as less ye'elimite is dissolved. Moreover, belite particle size was also studied by SEM. Fig. 4b and d shows SEM images of typical rounded belite particles in anhydrous B0 and B2 clinkers, respectively. The average belite particle size is again smaller in B0 clinker than in B2 sample.
Moreover, the enhanced reactivity of belite seems to be parallel to an enhanced reactivity of C 4 AF. This phase is part of the interstitial phase of cements; hence it was not possible to establish a clear difference between particle sizes of C 4 AF present in both cements. However, due to the formation of AFm type phases in G10B0, when C 4 AF is actually dissolving, we can speculate that these may be iron-bearing AFm phases, C 4 (A 1 − y F y )SH (8 + x) , with x = 2,4,6, or C 2 (A 1 − y F y )H 8 , labeled as AFm-10, AFm-12, AFm-14 and AFm* in the inset of Fig. 5a , respectively. Unfortunately, this hypothesis cannot be confirmed using the current data, and further studies are needed to clarify this issue.
The quantification of AFm type phases presents two additional problems: i) broad diffraction peaks due to both poor crystallinity and high disorder and ii) the lack of structural descriptions for some phases. Thus, the crystal structure reported for C 4 ASH 12 [47] has been used to quantify all AFm phases by adjusting c-values (included in Table A2 ). AFm phases may present different hydration states according to C 4 ASH 8 + x with x = 0, 2, 4, 6 and 8 [1] . In these experimental conditions, three AFm phases have been identified, AFm-10 (x = 2), AFm-12 (x = 4) and AFm-14 (x = 6), by measuring interlayer spacing according to [1] , Table A2 . Moreover, AFm* phase displayed a basal d-spacing close to 10.7 Å, which may correspond to C 2 AH 8 . The same strategy, detailed just above, was followed to quantify this phase.
G10B2 RQPA results were analyzed with the same methodology used for G-C 4 A 3 S. The reaction degree of gypsum, ye'elimite and ettringite is given in Fig. 6a , while normalized direct RQPA results and the calorimetric curve are shown in Fig. 6b . These results are fully consistent with those obtained for G-C 4 A 3 S, i.e. AFt crystallization process is parallel to ye'elimite dissolution, and gypsum dissolution is faster. Moreover, the passivation effect observed in G-C 4 A 3 S has also taken place in G10B2, achieving almost α = 100% gypsum and α N 80% ye'elimite and ettringite after one day of hydration, although at a lower extent. Finally, G10B2 presented an induction period close to 6 h, when dissolution and crystallization of phases start to be significant.
The corresponding hydration study for G10B0 is shown in Fig. 6c and d. By comparing data of Fig. 6a and c, it can be observed that G10B0 sample does not present the induction period observed in G10B2. Moreover, the degrees of reaction after 1 h for all phases in G10B0 became almost equal to those determined at 6 h for G10B2. Gypsum was completely dissolved in G10B0 after 8 h of hydration, and almost 70% of AFt was β Fig. 2 . Selected range of the SXRPD raw patterns for G10B0 recorded at different ages of hydration, with the main peaks due to a given phase labeled. crystallized. These different kinetic behaviors justify the differences in the measured initial and final setting times. For G10B0, these values are 2.8 and 5.5 h, respectively; whereas for G10B2, the values are 3.5 and 5.8 h, respectively. Finally, we highlight that for G10B0, after 12 h of hydration, β-C 2 S and C 4 AF start to react and the reported methodology to normalize the data cannot be longer applied. However, by inspection of Table A2 , it can be stated that passivation effect has not taken place in G10B0, as over 26 h of hydration C 4 A 3 S degree of reaction achieved 100%. This is likely due to the higher reactivity of belite and ferrite phases.
The role of the type of calcium sulfate source, anhydrite and bassanite, as setting retarder was studied in A10B2 and B10B2 cements. Tables 1  and A4 give direct RQPA results as a function of hydration time for B10B2 and A10B2, respectively. A first inspection of these tables shows that there is only one chemical process occurring up to 24 h, i.e. dissolution of sulfate sources and ettringite crystallization. Consequently, the degree of reaction was calculated, as detailed above, for A10B2 paste and the results are plotted in Fig. 7 . It is well known that anhydrite kinetic dissolution is much slower than that of gypsum or bassanite [1] , and it has been experimentally observed in this study. This observation further validates our experimental procedure and data analysis strategy. For A10B2 paste, the precipitation of ettringite is limited by CS dissolution, which starts to be significant up to 7 h. Using these results we can also state that the predicted reactivity of ye'elimite with water to form AFm as main hydrated phase [17, 48] has not taken place within the first 6 h of hydration. Our results state that in spite of the fact that anhydrite is not dissolving until 6 h, ye'elimite dissolution yields ettringite. This behavior disagreed with chemical reaction (4) but it is thermodynamic expected [49] and it has been also previously described [50, 51] .
The slower kinetic of precipitation of AFt in A10B2 sample has allowed to follow the microstructure of this phase by inspecting FWHM of some diffraction peaks, for instance (010) diffraction peak at 9.7 Å. FWHM of this diffraction signal was 0.0494(3), 0.0439(6) and 0.0408(2)°for 1, 3 and 8 h of hydration, respectively. This sharpening of the diffraction peak is very likely due to the growth of the ettringite crystals.
B10B2 was analyzed at three selected times, 1, 12 and 24 h, Table 1 . Due to experimental requirements (sample loading in the capillaries, alignment and so on) it was not possible to measure the first~40 min of hydration. The dissolution of bassanite and precipitation of gypsum is reported to be a very fast process [52] . Our measurements fully agree with this behavior and after 1 h of hydration, bassanite was almost absent and gypsum had crystallized. Furthermore, although ettringite is formed,~6 wt.%, the measured amount of gypsum is very large,~11 wt.%, because an amorphous fraction, aluminate hydrate, is also precipitating. In addition, we have inspected FWHM of (020) peak of gypsum in this sample after 1 h of hydration, being 0.0495(3)°; it was compared to the same peak of gypsum in G10B2 at the same time of hydration, 0.0457(4)°. These broader peaks are due, as expected, to smaller particle sizes for in-situ crystallized gypsum. Subsequent hydration reactions are similar to those already described for the gypsum-regulated cement, G10B2.
Conclusions
This work has allowed establishing kinetics and mechanisms for early age hydration of BCSA cements. The first important conclusion is the key influence of ye'elimite dissolution on further reactions. We have determined that non-active BCSA has a ye'elimite phase which dissolves at a higher pace than in active BCSA. For instance, after 1 h of hydration ye'elimite has dissolved~25% and~10% for non-active BCSA and active BCSA, respectively. The higher dissolution rate of ye'elimite and gypsum in non-active BCSA has likely provoked a higher pH value in the porous solution (pH = 12.4). Although, ettringite crystallization kinetic is slightly different, the degree of crystallization in both cements is similar,~85% over~12 h. This behavior strongly influences C 2 S hydration mechanism. The presence of high amounts of ettringite at early hours of hydration implies a concomitant large amount of available amorphous aluminum hydroxide, which can precipitate as stratlingite, C 2 ASH 8 , enhancing belite reactivity. In addition, if the formation of ettringite is somehow retarded, belite dissolution does not take place within the 50 first hours of hydration. Thus, it seems that the hydration behavior of belite is more dependent on the chemical environment (high or low available amorphous aluminum hydroxide content) than on its polymorphism. It must be highlighted that in our experimental hydration conditions, β-belite reacts faster than α′ H -belite. Moreover, we have also observed that ettringite phase can be formed by the solely dissolution of ye'elimite in water, i.e. in the absence of dissolution of another sulfate-carrier source. Finally, the very fast dissolution of bassanite with precipitation of gypsum, as well as the low dissolution rate of anhydrite, has been quantified showing the accurateness of the reported methodology.
